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A double-layer structure model of pavements that considered interlayer contact status was established to manage the dowel-bar
position deviation problem in rigid pavements. The deviation eﬀect of three-dimensional positions, such as horizontal angle, vertical
angle, and embedded depth, on joint load-transfer capacity was analyzed. A load-transfer capacity prediction model that considered
dowel bar position deviation was established via ternary nonlinear regression. Load correction factor and its range were also proposed.
This prediction model can eﬀectively reﬂect the joint load-transfer capacity during dowel position deviation after veriﬁcation via falling
weight deﬂectometer testing. The horizontal angle of the dowel bar minimally aﬀected joint load-transfer coeﬃcient. By contrast, the
joint load-transfer coeﬃcient decreased almost linearly as the vertical angle increased. The coeﬃcient reduced by approximately 12%
when the vertical angle was 15. Meanwhile, the load-transfer coeﬃcient was maximized when a dowel bar was embedded in the middle
of a surface. The coeﬃcient would decline either upward or downward. The coeﬃcient particularly decreased by 10% when the position
was 2 cm downward.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A cement concrete pavement was divided into regular
rectangular plates. A dowel bar connected the plates to
one another. The weakest part of the pavement structure
was the joint. The load-transfer capacity of the joint
directly aﬀected pavement performance [1]. The dowel
bar end should be horizontal and smooth to guarantee thathttp://dx.doi.org/10.1016/j.ijprt.2016.01.002
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Peer review under responsibility of Chinese Society of Pavement
Engineering.the dowel bar was free and could meet shear transfer
requirements among plates. ZOLLINGER [2], IOAN-
NIDES [3] and ZHOU [4] have established the relationship
among joint load-transfer capacity, joint load-transfer stiﬀ-
ness, structure parameters, and cement concrete pavement
load based on a Winkler foundation elastic plate. ZHOU
[5] has established the correlation between joint load-
transfer coeﬃcient and stress reduction factor of a slab
edge based on Winkler foundation assumptions. These
studies did not consider the actual position deviation of a
dowel bar. Additionally, the eﬀect of load level on deﬂec-
tion was also disregarded by these studies. Dowel bar posi-
tion was actually always deviated, which often caused
function loss on itself [6]. The horizontal angle, vertical
angle, and vertical displacement of the dowel barhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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Meanwhile, the load-transfer capacity was correlated to
test load [8]. Thus, the eﬀect of dowel-bar position devia-
tion (horizontal angle, vertical angle, and vertical displace-
ment) on the joint load-transfer capacity was analyzed
based on a double-layer pavement structure model on the
Winkler foundation. A load-transfer capacity prediction
model that considered dowel-bar position deviation was
established via ternary nonlinear regression. After the mea-
sured data were veriﬁed via falling weight deﬂectometer
(FWD), the load-transfer coeﬃcient prediction model was
considered after amendment to eﬀectively reﬂect the actual
load-transfer capacity of rigid pavements.Fig. 1. Calculation model.2. Simulation experiment of joint load-transfer capacity
2.1. Experimental methods
Generally, a dowel bar mainly considers transferred
shear only. Load-transfer mode was determined via joint
shear stiﬀness Cw. The load-transfer capacity and eﬃciency
were characterized via load-transfer coeﬃcient LT and
stress reduction factor kr. Cw, LT , and kr were related to
the spatial location of a dowel, deﬂection test load, and
combination status between a dowel bar and concrete[9].
The load-transfer capacity was determined in this study
according to load-transfer coeﬃcient LT .
LT ¼ wuwl ð1Þ
where, wu is the maximum deﬂection of the unloaded slab,
and w1 is the maximum deﬂection of the loaded slab.
When aggregate interlocking was equal at the joint, the
deﬂection load-transfer coeﬃcient was related to the dowel
bar horizontal angle, vertical angle, embedded depth, test-
ing load, dowel bar bending stiﬀness, and combination sta-
tus between the dowel bar and concrete. Therefore, the
deﬂection load-transfer coeﬃcient was LTE = f(x1, x2, x3,
x4, x5, x6), where x1, x2, x3 are the dowel bar horizontal
angle, vertical angle, and embedded depth, respectively.
x4 is the testing load. x5 is bending stiﬀness of the dowel
bar. x6 is the combination status between the dowel bar
and concrete. x6 can be characterized by the horizontal
constraint and vertical support moduli.
Three assumptions were formulated according to deﬂec-
tion test conditions and engineering practice to determine
the eﬀect of six factors on the deﬂection load-transfer coef-
ﬁcient. First, the testing load was similar. Second, the
bending stiﬀness of the dowel bar was the same; and the
diameter, length, and modulus were 500 mm, 32 mm, and
200 GPa, respectively. Third, the dowel bar status com-
bined with concrete was similar. The horizontal constraint
modulus was 0 MPa, while the vertical support modulus
was 10,000 MPa. The eﬀect of horizontal angle x1, vertical
angle x2, and embedded depth x3 on the deﬂection load-
transfer coeﬃcient was then calculated individually via
ﬁnite element. The deﬂection load-transfer coeﬃcientprediction model was also determined via the multivariate
linear regression technique.
Pavement structure deﬂection was initially calculated
both under temperature and vehicle load to accurately
determine the deﬂection at both transverse joint sides and
compare it with actual data under such circumstances.
Deﬂection was then calculated only under temperature
load. Finally, deﬂection was obtained under vehicle load
alone.
The joint load-transfer coeﬃcient was calculated
through the ﬁnite element method. Calculation software
Ever FE 2.25 was used.
2.2. Calculation model
The calculation model was a double-layer structure
model based on the Winkler foundation, which considered
the interlayer contact status. The model of pavement struc-
ture is shown in Fig. 1. It contained two slabs which were
arrayed along the driving direction (x direction). The
model can respond to the eﬀect of dowel bar position devi-
ation, such as horizontal angle, vertical angle, and depth
deviation, on joint load-transfer capacity, where h1, E1,
and l1 are the thickness, elastic modulus, and Poisson’s
ratio of the slab, respectively. Meanwhile, h2, E2, and l2
are the thickness, elastic modulus, and Poisson’s ratio of
the base, respectively. K is the foundation reaction modu-
lus. P is the ground pressure. The slab was connected by
a dowel bar. The joint load-transfer was completed via
aggregate interlocking and a dowel bar. The bonded status
between the dowel bar and the slab concrete was character-
ized by the horizontal constraint and vertical support mod-
ulus. The contact status between the slab and the base was
improved through the Coulomb model.
A rectangle load acted on the transverse joint center or
edge to amplify the eﬀect of load-transfer capacity, as
shown in Fig. 2. The equivalent load area was
20 cm  15 cm. Additionally, the ground pressure was set
to three grades, namely, 500, 700, and 900 kPa.
2.3. Calculation parameter selection
The calculation pavement structure was a cement con-
crete slab with a lean concrete base. The slab and base
(a) Loading on the joint center 
(b) Loading on the joint edge 
Fig. 2. Loading position and FWD test point.
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of the dowel bar was 200 GPa, while the Poisson’s ratio
was 0.3. Meanwhile, the foundation reaction modulus
was 30 MPa/m. The slab and base were meshed with
100  80  5 and 100  80  4, respectively.
The joint shear stiﬀness of aggregate interlocking was
20 MPa/m, while the amount of open joint was 0.5 mm.
The shear stiﬀness between the slab and the base was
0.02 MPa/mm. The displacement of the maximum shear
force point at the shear force-displacement curve was
4.1 mm. The horizontal constraint modulus was assumed
to be 0 MPa and the vertical support modulus was
10,000 MPa when the dowel bar and the concrete were well
bonded. The temperature gradient of the slab was 83C/m,
according to National Highway Division. The coeﬃcient of
linear expansion of concrete simulating expansion and
contraction of the slab was 106 m/C.Table 1
Slab and base parameters.
Parameter Cement concrete slab Lean concrete
Plane size 500 cm  400 cm 500 cm  400 cm
Thickness 26 cm 20 cm
Elastic modulus 30 GPa 25 GPa
Poisson’s ratio 0.15 0.23. Calculations and analysis of load-transfer coeﬃcient
Single-factor analysis method was used to analyze three
levels of deﬂection load-transfer coeﬃcient to determine
the eﬀect of dowel bar horizontal angle, vertical angle,
and embedded depth on the joint load-transfer capacity.
According to the site investigation and data analysis of
three freeways, the horizontal and vertical angle of the
dowel bar is between 0 and 15, and the embedded depth
is 1 cm upward or 2 cm downward compared to the design-
ing position. As the horizontal position of the dowel bar
was still in the middle of the joint proximately after averag-
ing, it was not considered in the model. So, factors and
levels of the dowel bar position deviation are summarized
in Table 2. The marking method of the horizontal angle
x1, vertical angle x2, and embedded depth x3 is shown in
Fig. 3. The horizontal angle that referred to the dowelTable 2
Factors and levels.
Factors Reference value Levels
Horizontal angle x1 () 0 0 5 10 15
Vertical angle x2 () 0 0 5 10 15
Embedded depth x3 (cm) 0 1 0 +1 +2
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vertical angle was deviated upward or downward. For
the embedded depth, 0 referred to the dowel bar at the mid-
dle of the slab. By contrast, ‘‘1” referred to the whole
dowel bar that was 1 cm lower than the middle.
Table 3 summarizes the deﬂection calculation results of
the transverse joint center and edge. When load was
applied to the transverse joint edge, the joint load-
transfer capacity was more than the load applied at the
joint central. Moreover, the dowel bar horizontal angle
minimally aﬀected the joint load-transfer coeﬃcient regard-
less of the loading position. Meanwhile, the joint load-
transfer coeﬃcient almost linearly decreased as the vertical
angle of the dowel bar increased. The coeﬃcient diminished
by approximately 12% when the vertical angle was 15. The
joint load-transfer coeﬃcient reached maximum when the
dowel bar was embedded in the middle of the surface.
The load-transfer coeﬃcient would decline either upward
or downward. The coeﬃcient would particularly reduce
by 10% when the position was 2 cm downward.
4. Established load-transfer prediction model
To accurately predict load-transfer capacity loss caused
by dowel bar position deviation, a general polynomial
function (Eq. (2)) in three-dimensional space was con-
structed using orthogonal Legendre polynomials (Eq.
(3)), where i, j, k took the value according to six arrange-
ments of (1, 2, 3). First, six polynomial functions were
determined via ternary nonlinear regression at the 0.95
conﬁdence level. Second, the respective multiple correlation
coeﬃcients were calculated, and the values of i, j, k were
determined based on the maximum correlation coeﬃcient
principle. Third, the unique polynomial functions were
determined; therefore, the unique prediction model was
ascertained. In Eq. (2), a, b, c are regression coeﬃcients
of x1, x2, x3 respectively, and d is a constant term.
f ðx1; x2; x3Þ ¼ a  P iðx1Þ þ b  P jðx2Þ þ c  Pkðx3Þ þ d ð2Þ
P 0ðxÞ ¼ 1
P 1ðxÞ ¼ x
P 2ðxÞ ¼ 1
2
ð3x2  1Þ
P 3ðxÞ ¼ 1
2
ð5x3  3xÞ
ð3ÞFig. 3. Marking methods of doTable 4 summarizes the six multiple correlation coeﬃ-
cients, and the F statistics of the deﬂection load-transfer
coeﬃcient regression results when the transverse joint cen-
ter is in charge of the load. Arrangement 3 (2, 1, and 3) evi-
dently generated the best regression results. Therefore, the
deﬂection load-transfer capacity can be predicted using
model 1 (Eq. (4)) when load was applied to the central
transverse joint. Meanwhile, Table 5 summarizes six multi-
ple correlation coeﬃcients, and the F statistics of the deﬂec-
tion load-transfer coeﬃcient regression results when the
transverse joint edge was in charge of the load. The deﬂec-
tion load-transfer capacity can be predicted using model 2
(Eq. (5)).
f ðx1; x2; x3Þ ¼ 0:906 3:27 103  P 2ðx1Þ
 3:71 104  P 1ðx2Þ  5:94 106  P 3ðx3Þ
¼ 0:908 4:91 103  x21  3:71 104  x2
 1:49 105  x33 þ 8:91 106  x3 ð4Þ
f ðx1; x2; x3Þ ¼ 0:925þ 6:24 106  P 2ðx1Þ
 3:01 103  P 1ðx2Þ  2:29 104  P 3ðx3Þ
¼ 0:925þ 9:36 106  x21  3:01 103  x2
 5:73 104  x33 þ 3:44 104  x3 ð5Þ5. Modiﬁcation of joint load-transfer prediction model based
on measured data
The load, dowel-bar bending stiﬀness, and bonded sta-
tus between the dowel bar and the concrete in the load-
transfer prediction model f(x1, x2, and x3) were all diﬀerent
from the actual pavement test. Therefore, an actual deﬂec-
tion test was conducted using a falling weight deﬂector to
improve the reliability of the prediction model. Subse-
quently, the prediction model was corrected through the
load correction factor g1, bending stiﬀness correction factor
g2, and bonded status correction factor g3 according to the
measured data. Eq. (6) shows the prediction model for the
load-transfer coeﬃcient.
f ðx1; x2; x3; x4; x5; x6Þ ¼ g1  g2  g3  f ðx1; x2; x3Þ ð6Þ
where, x4 is the load factor, x5 is the bending stiﬀness factor
of the dowel bar, and x6 is the bonded status factor.wel-bar position deviation.
Table 3
Calculation results of deﬂection load-transfer coeﬃcient.
No. Position LTE No. Position LTE
x1 x2 x3 Central of joints Edge of joints x1 x2 x3 Central of joints Edge of joints
1 0 0 1 0.994 0.924 33 10 0 1 0.899 0.925
2 0 0 0 0.899 0.924 34 10 0 0 0.899 0.925
3 0 0 1 0.899 0.924 35 10 0 1 0.899 0.925
4 0 0 2 0.899 0.924 36 10 0 2 0.898 0.925
5 0 5 1 0.888 0.913 37 10 5 1 0.887 0.912
6 0 5 0 0.886 0.911 38 10 5 0 0.886 0.911
7 0 5 1 0.885 0.910 39 10 5 1 0.885 0.910
8 0 5 2 0.883 0.908 40 10 5 2 0.883 0.908
9 0 10 1 0.874 0.899 41 10 10 1 0.874 0.899
10 0 10 0 0.871 0.896 42 10 10 0 0.871 0.896
11 0 10 1 0.868 0.894 43 10 10 1 0.869 0.893
12 0 10 2 0.866 0.891 44 10 10 2 0.866 0.890
13 0 15 1 0.860 0.884 45 10 15 1 0.859 0.884
14 0 15 0 0.856 0.880 46 10 15 0 0.855 0.880
15 0 15 1 0.852 0.875 47 10 15 1 0.851 0.874
16 0 15 2 0.848 0.871 48 10 15 2 0.846 0.871
17 5 0 1 0.899 0.925 49 15 0 1 0.899 0.924
18 5 0 0 0.899 0.925 50 15 0 0 0.899 0.924
19 5 0 1 0.899 0.925 51 15 0 1 0.899 0.924
20 5 0 2 0.899 0.925 52 15 0 2 0.899 0.924
21 5 5 1 0.888 0.913 53 15 5 1 0.887 0.913
22 5 5 0 0.885 0.911 54 15 5 0 0.886 0.911
23 5 5 1 0.885 0.910 55 15 5 1 0.884 0.910
24 5 5 2 0.883 0.908 56 15 5 2 0.882 0.908
25 5 10 1 0.875 0.899 57 15 10 1 0.874 0.899
26 5 10 0 0.872 0.896 58 15 10 0 0.871 0.896
27 5 10 1 0.869 0.893 59 15 10 1 0.868 0.893
28 5 10 2 0.866 0.890 60 15 10 2 0.865 0.890
29 5 15 1 0.860 0.884 61 15 15 1 0.859 0.883
30 5 15 0 0.855 0.880 62 15 15 0 0.854 0.879
31 5 15 1 0.851 0.875 63 15 15 1 0.869 0.893
32 5 15 2 0.847 0.872 64 15 15 2 0.866 0.890
Table 4
Evaluation of regression results of deﬂection load-transfer coeﬃcient.
No. 1 2 3 4 5 6
Multiple correlation coeﬃcient (R) 0.928 0.882 0.992 0.893 0.945 0.931
P (F statistic) 6.71e13 2.53e10 4.40e16 2.41e12 1.04e15 2.28e13
Table 5
Evaluation of regression results of deﬂection load-transfer coeﬃcient.
No. 1 2 3 4 5 6
Multiple correlation coeﬃcient (R) 0.945 0.894 0.982 0.890 0.969 0.947
P (F statistic) 5.70e29 6.65e21 1.67e43 1.66e20 9.65e43 1.580e29
34 Y.-c. Zhang, L.-l. Gao / International Journal of Pavement Research and Technology 9 (2016) 30–36Firstly, 50 transverses in a highway were selected and
the spatial locations (x1, x2, and x3) of every dowel bar
were measured using an MIT SCAN2_BT dowel bar tester.
The average value of x1, x2, and x3 was calculated. Sec-
ondly, the load-transfer coeﬃcient was calculated using
Ever FE. Thirdly, the prediction model f(x1, x2, and x3)
by multiple regressions was established. Then the load-
transfer capacity of the transverse joint central and edge
was measured using a PRIMA-XFWD falling weight
deﬂector. On the basis of these steps, the prediction model
can be corrected via load correction factor g1, bending
stiﬀness correction factor g2, and bonded status correctionfactor g3 until the LTE calculated by prediction model was
close to the measured data.
The pavement structure of the test sections comprised a
28 cm cement concrete pavement and a 20 cm cement sta-
bilized crushed stone base. The transverse joint spacing
of ﬁeld section was 5 m, and the average width of joints
was 3 mm. The dowel bars were evenly arranged along
the transverse joints. The length of the dowel bar was
50 cm, the diameter was 32 mm, and the spacing was
30 cm. The road was used and performed eﬀectively for
two years. During the test, the dowel bar’s horizontal
angle, vertical angle, and embedded depth were measured
Table 6
Measured and predicted values of joint load-transfer coeﬃcients.
No. Position LTE
X1 () X2 () X3 (cm) Central of transverse joint Edge of transverse joint
Measured values f ðx1; x2; x3; x4; x5; x6Þ Residual Measured values f ðx1; x2; x3; x4; x5; x6Þ Residual
1 4.6 11.5 0.8 0.843 0.860 0.017 0.931 0.938 0.007
2 4.0 5.9 1.3 0.897 0.889 0.008 0.956 0.955 0.001
3 6.8 9.5 0.2 0.725 0.728 0.003 0.938 0.944 0.006
4 3.5 6.2 1.5 0.917 0.910 0.007 0.951 0.956 0.005
5 0.3 0.0 0.4 0.961 0.976 0.015 0.968 0.974 0.006
6 7.3 10.8 1.1 0.676 0.690 0.014 0.943 0.940 0.003
7 1.5 0.0 0.4 0.973 0.965 0.008 0.962 0.974 0.012
8 3.7 3.8 1.7 0.904 0.899 0.005 0.929 0.934 0.005
9 0.0 0.0 0.2 0.970 0.976 0.006 0.978 0.974 0.004
10 7.4 11.2 1.5 0.697 0.686 0.011 0.958 0.962 0.004
11 6.4 7.8 0.8 0.741 0.758 0.017 0.984 0.962 0.022
12 3.3 1.8 0.2 0.924 0.918 0.006 0.973 0.972 0.001
Table 7
Recommended values of load correction factor.
Load (kPa) 500 700 900
g1 Central of joints Edge of joints Central of joints Edge of joints Central of joints Edge of joints
1.16 1.12 1.08 1.05 0.93 0.95
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central land edge was then measured via FWD. The ﬁeld
temperature gradient of the slab was determined using
infrared temperature sensors. The testing points are the
same with the model.
Deﬂection testing was performed at 17:00 to bring the
actual temperature gradient closer to the theoretical calcu-
lation. The temperature gradient at this time was 78C/m.
Given that the diﬀerences between the theoretical and
measured values were small, g2, g3 took 1. f(x1, x2, x3)
was then corrected when the test load x4 was 500, 700,
and 900 kPa. After linear smoothing of the load correc-
tion factor g1, both measured and predicted deﬂection
load-transfer coeﬃcients are summarized in Table 6.
All the residuals were less than 0.022 and the correlation
coeﬃcient reached 0.976. Thus, the prediction model
eﬀectively reﬂected the actual deﬂection load-transfer
coeﬃcient.
The load correction factors for the three-level testing
load are shown in Table 7.
6. Conclusions
(1) A double-layer pavement structure model that con-
sidered the interlayer contact status was established
given the position problem of a dowel bar in a rigid
pavement with the existing deviation. This model
can respond to the eﬀect of dowel-bar position devi-
ation, such as horizontal angle, vertical angle, and
depth deviation, on the joint load-transfer capacity.
(2) A joint load-transfer prediction model was estab-
lished through multiple nonlinear regressions while
considering dowel position deviation. The load cor-
rection factor and its range were recommended. Thisprediction model can eﬀectively reﬂect the joint load-
transfer capacity during dowel position deviation
after veriﬁcation via FWD testing.
(3) The joint load-transfer coeﬃcient was minimally
aﬀected by the dowel bar horizontal angle. By con-
trast, the joint load-transfer coeﬃcient decreased
almost linearly as the vertical angle increased. The
coeﬃcient decreased by approximately 12% when
the vertical angle was 15. The load-transfer coeﬃ-
cient was maximum when a dowel bar was embedded
in the middle of the surface. The load-transfer coeﬃ-
cient declined either upward or downward. Speciﬁ-
cally, the coeﬃcient decreased by 10% when the
position was 2 cm downward.
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